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Hydride generation can significantly improve the
detection limits for a number of hydride-forming elements
with atomic spectrometric determination. In order to
harmonize the microliter level eluates from capillary
electrophoresis and the milliliter sample volume
commonly needed in ICP-AES, a specially designed
technique, ‘movable reduction bed hydride generation’
has been developed, which is simple to operate and carries
out the hydride generation for micro-sample volume
without the use of a gas–liquid separator or the addition
of an acid dehydrator. The technique can be used to
convert arsenic compounds from capillary zone
electrophoresis (CZE) separation to corresponding volatile
hydrides followed by ICP-AES analysis. The separation
characteristics of arsenic species by CZE are presented,
including the optimization of experimental parameters
such as pH, concentration of buffer solution, as well as
sample injection volume. The RSDs of peak area for four
arsenic species range from 1.9 to 11.7%. The detection
limits for AsIII, disodium methylarsonate and AsV are
0.32 mg ml21, and 0.35 mg ml21 for dimethylarsinic acid.
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Although the knowledge of total concentration of an element is
very useful, the determination of the molecular forms (species)
in which an element exists has become an essential requirement
in most investigations today because toxicity and transport
mechanisms are closely related to the chemical form in-
volved.
Speciation of arsenic is of particular interest because of the
wide range of toxicity exhibited by its different chemical
forms.1 For example, arsenite (AsIII) and arsenate (AsV) exhibit
a high level of toxicity, 400 times higher than the toxicity of
organoarsenic compounds.2,3
In order to improve the accuracy of speciation analysis, the
use of high resolution separation techniques is necessary.
Capillary electrophoresis (CE) has become a powerful analyt-
ical technique for the separation of a variety of analytes ranging
from small inorganic ions to large biomolecules.4–7 Capillary
zone electrophoresis (CZE), based on the differences in the
electrophoretic mobilities of the species, has been widely
applied to speciation analysis. Albert et al.8 and Leroy and co-
workers9,10 have reported the use of CZE and on-line UV
detection for speciation analysis of arsenic compounds.
Inductively coupled plasma mass spectrometry (ICP-MS) has
been successfully combined with high-performance liquid
chromatography (HPLC).11 However, relatively few studies
have been reported on the use of plasma atomic spectrometry or
mass spectrometry techniques as a means for detection in CE
separations.12
At present, most studies on coupling CE with ICP-AES/MS
utilize different kinds of nebulizers for the sample introduction
including concentric nebulizer,12,13 ultrasonic nebulizer,14
modified Meinhard nebulizer,15 and direct injection nebulizer
(DIN).16 Olesik et al. reported on interfacing CE with ICP-AES
and ICP-MS by a concentric pneumatic nebulizer.12 Their
results demonstrated that CE–ICP-AES and CE–ICP-MS could
be used to speciate metals at parts-per-billion levels in aqueous
solutions. Magnuson et al.17 were the first to speciate arsenic by
coupling CE with hydride generation and ICP-MS utilizing a
membrane-based separator, in which the detection limits
reported for AsIII, AsV, disodium methylarsonate (MMA) and
dimethylarsinic acid (DMA) were 25, 6, 9, 58 ng l21,
respectively.
A new hydride generation system, ‘movable reduction bed
hydride generation’ (MRBHG) has recently been developed in
our laboratory, which may simply and easily carry out the
hydride generation at micro-level sample volumes without the
use of a gas–liquid separator or the addition of acid solution to
the sample. The characteristics of the new hydride generation
system have been reported previously.18 In this paper, the
hyphenation of CE to ICP-AES by the new hydride generation
system is described. The role of the make-up liquid is discussed.
The influence of operating parameters on CZE separation
efficiency such as pH of solution, concentration of buffer
solution and injection volume are studied, and the quantitative
results obtained with the technique are also presented.
Experimental
ICP-AES
A Baird PS-4 multi-channel ICP atomic emission spectrometer
was used for the study (Baird, Bedford, MA, USA). The
instrument parameters of ICP-AES are summarized in Table 1.
Transient signal collection and data processing software
developed in our laboratory19 was used to collect and handle the
arsenic signals.
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Table 1 ICP-AES operating condition
RF power/kW 1.1
Frequency of RF generator/MHz 27
Coolant gas flow rate/l min21 8.0
Carrier gas flow rate/l min21 0.5
Plasma gas flow rate/l min21 1.0
Additional carrier gas flow rate/l min21 0.6
Observation height/mm 13.4 (above top of the torch)
Integration time/s 5
Wavelength/nm 193.7
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Capillary electrophoresis
Experiments were carried out on a laboratory-built CE system,
which was composed of a 0–100 kV high-voltage power supply
(Model JGF80, Longyan Radio Factory, Fujian, China), a
vacuum pump (Model 2XZ-2, Huangyan Vacuum Pump
Factory, Zhejiang, China) used for rinsing the capillary between
each run, and a 100 mm id 3 375 mm od fused-silica capillary
tubing (Yongnian Optical Fibre Factory, Hebei, China). The
total length of the capillary was 66 cm. The inlet end of the
capillary was held at a positive potential while the outlet end
was grounded. The samples were introduced in the hydrostatic
mode where the capillary was immersed into the sample at a
height of 24 cm above the running electrolyte level for 60 s. A
positive voltage of 15 kV was used for all the electrophoretic
separations. A diagram of the instrumentation system is
illustrated in Fig. 1.
Reagents
Commercially available NaH2PO4·12H2O and Na2HPO4·2H2O
(analytical-reagent grade) were used to prepare 50 mm buffer
stock solutions. These stock solutions were passed through a
0.45 mm cellulose acetate filter. The desired buffer was prepared
daily by mixing an appropriate volume of the phosphate stock
solutions. The pH was measured and adjusted by addition of
either NaH2PO4·12H2O or Na2HPO4·2H2O (50 mm stock
solution).
Arsenic stock solutions of 1000 mg ml21 of each compound
were prepared using the following commercially available
reagents (analytically pure): arsenic trioxide (As2O3) dissolved
in 0.2% NaOH and disodium hydrogenarsenate heptahydrate
(Na2HAsO4·7H2O), MMA and DMA dissolved in water. All
reagents were used without further purification. The desired
concentrations of standards were prepared daily by mixing the
appropriate volume of the stock solutions.
All solutions were prepared fresh daily using water purified
with a Milli-Q unit (Millipore, Bedford, MA, USA).
The reducing reagent was prepared by mixing dry KBH4 and
solid tartaric acid powders. Before mixing, each reagent was
ground in an agate mortar and sieved through an 80 mesh-sieve.
The powders were then mixed thoroughly in a ratio of 1 + 3
(KBH4–tartaric acid).
Results and discussion
Interface between CZE and ICP-AES
The key point to successful on-line coupling of CE with ICP-
AES is the interface design.12 A good interface should
effectively convert the eluates from the CE to an aerosol that
might be easily vaporized, atomized and excited, or ionized by
ICP.12 At the same time, the design of the interface should be
able to provide the minimum band spreading and zone
broadening of CE peaks. Conventional nebulizer designs,
except the DIN technique,16 are unsatisfactory in this respect
due to their low transport efficiencies.
The detection limits of arsenic and other hydride-forming
elements can be 10–100 times improved when hydride
generation is used. Conventional hydride generation systems
usually require a 5–20 ml sample injection volume and a
200–1000 ml min21 sample flow rate when coupled with HPLC.
However, CE may only provide < 1 ml min21 sample flow rate
and nanoliter-level sample volume. The flow and physical
dimensions of the hydride generator including the connecting
tube, connector, gas–liquid separator and pump flow rate must
be minimized, which requires complicate machining, thus
resulting in high cost.
To solve these problems, an appropriate hydride generation
system, MRBHG, has been developed in our laboratory. The
device can achieve hydride generation at micro-level sample
volume without the use of a gas–liquid separator or an acid
dehydrator. The movable reaction bed is made by coating a
mixture of KBH4 and solid acid powder on a tape as the
reducing reagent. The characteristics of this system have been
investigated by directly coupling it to an ICP torch for AES
measurements as described previously.18
The schematic diagram of the MRBHG system is given in
Fig. 2. The physical set-up of the device looks like a VCR
cassette. The reaction bed is circulated by two rollers that are
placed in a sealed organic glass cassette and moves around by
turning a tape roller. The bed is constructed by coating a mixture
of KBH4 and solid acid powders at a certain ratio onto the
surface of a long, narrow, adhesive tape. The tape crosses the
two holes on the stopper into and out of a reaction chamber, as
illustrated in Fig. 2. The most important advantages of the
technique over conventional methods is the elimination of the
use of complex plumbing and a gas–liquid separator.
The CE capillary with an outer stainless-steel capillary is
inserted into the glass chamber through a hole in the upper
stopper. The capillary in the chamber is maintained at ground
potential. The make-up liquid solution in the stainless-steel
capillary serves two purposes. First, flowing through the
stainless-steel capillary (outside the CE capillary), it provides a
continuous and stable ground contact to the exit terminus of the
CE capillary so that a complete electrophoresis circuit may be
established; secondly, the addition of make-up liquid solution at
a flow rate of 10 ml min21 ensures that the MRBHG system may
be operated independent of the CE system. To reduce the dead
volume and to avoid convection band broadening, the make-up
liquid flow and the electroosmotic flow from the CE capillary
were combined inside a 0.5 mm long stainless-steel capillary at
the exiting terminus before they react with the reduction
reagents. The eluates from the capillaries react with a reduction
reagent on the surface of the reaction bed. The hydride
generated is then sequentially swept directly into the ICP torch
Fig. 1 Diagram of the experimental system. Fig. 2 Schematic diagram of Movable reduction bed hydride generator.
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by argon carrier gas. The reaction bed can be renewed by
manually or automatically turning a roller, which is installed
inside the cassette.
Qualitative features of the electropherogram
Identification and characterization of species prior to connec-
tion to the detector are considered to be important and useful for
method development.20–22 When a high voltage was applied,
electroosmotic flow (EOF) was generated which flowed from
anode to cathode under the experimental conditions of the
present work. Arsenic anions are flushed towards the cathode
because the EOF can be more than an order of magnitude
greater than their electrophoretic mobilities. Nevertheless, each
anionic species was pulled back at the same time by electro-
phoresis depending on the charge and size of the species. In this
work, the EOF moves rapidly towards the cathode with the
undissociated form of analyte, AsIII (pKa = 9.3), and nearly
neutral species of DMA (pKa = 6.2); while anionic species,
such as AsV (pKa1 = 2.3), and MMA (pKa1 = 3.6), moved
towards the cathode at a flow rate of the electrophoretic
migration minus the electroosmotic flow. For the two last
anions, their weaker apparent mobilities result in longer
migration times (see Fig. 3). The elution order is similar to
anion-exchange HPLC.23
Fig. 3 illustrates that the intensities of four As peaks in the
electropherograms are identical, indicating that the species:
AsIII, AsV, DMA, and MMA are converted to their hydrides
effectively. It is well known that a conventional hydride
generation system cannot convert DMA and MMA into arsenic
trihydride efficiently, and the conversion efficiency of AsV is
lower than AsIII.24 The results obtained in this work thus
demonstrate that MRBHG is a useful method for carrying out
speciation analysis.
Flow rate of make-up liquid solution
As discussed earlier, the dual purposes of the make-up liquid are
that it completes the electrophoresis circuit and makes the
MRBHG independent of the CE. The make-up liquid is the
same as that used in CE, i.e., phosphate buffer of 50 mm
NaH2PO4·12H2O and Na2HPO4·2H2O, pH 6.0. We have tried to
turn off the make-up liquid pump when the electric circuit has
been established, however, the electropherogram obtained
shows that the peak shapes are somewhat distorted, and the
baseline becomes unstable. This occurrence is related to the
extremely low flow rate of the CE system. The flow rate of
liquid through the capillary might be estimated by the volume of
the capillary and the migration time of neutral marker.
Arsenic(iii) acts as a neutral marker in this work because it is a
relatively neutral species under the experimental conditions. Its
migration time is about 5 min, and the capillary volume is ~ 5.1
ml. Thus, the flow rate of the system might be calculated as 1.02
ml min21. At such a low flow rate, the eluates from the CE
capillary cannot continually form aerosol droplets to react with
the acid reagents on the reduction bed, which results in pulsation
rather than a continuous electropherogram, and thus peak
shapes were distorted. The make-up liquid is essential,
therefore, in this experiment.
The effect of the make-up liquid flow rate on the separation
and the signal was investigated. Flow rates of 10, 20 and 30
ml min21 were carried out, and the electropherogram is
illustrated in Fig. 4. No significant effect on the separation was
observed under these three flow rates, except the apparent
difference in baseline. It was found that the more the liquid
elutes from the capillary, the higher the background signal is. A
make-up liquid flow rate of 10 ml min21 was chosen as a
compromise for all subsequent experiments.
Effect of buffer pH on the separation
The pH of the buffer solution is one of the key parameters
controlling CZE separations. The charge and, thus, the
electrophoretic mobility of ionizable solutes are affected by
solution pH. In addition, the charge of the capillary surface is
influenced by pH, giving rise to differences in the electro-
osmotic flow. The equilibration of the surface charge on the
fused silica surface has been described as a relatively slow
phenomenon.25 Therefore, the capillary used in this study was
flushed between successive injections, firstly, with an alkaline
solution (0.1 mol l21 NaOH) for 5 min and, secondly, with the
phosphate buffer solution for 10 min.
In the present work, four different pH values of buffer
solution were studied, and four arsenic species were baseline
separated under all conditions (Fig. 5). At pH 6.5, the four
arsenic species are well separated with the best efficiency. The
signal profiles are illustrated in Fig. 5.
Effect of buffer concentration on the separation
The influence of buffer concentration on mobility is shown in
Fig. 6. The pH of the three different buffer solutions was 6.5.
Fig. 6 predicts that when buffer concentration is 10 mm, DMA
cannot be separated from AsIII, and the peak shapes of MMA
and AsV were not symmetrical; while four arsenic species were
well separated at 25 and 50 mm concentration levels.
Fig. 3 Electropherogram of four individual standard solutions of arsenic
and their mixtures. Silica capillary, 66 cm 3 100 mm id; carrier, 50 mm
phosphate buffer; pH 6.0; flow rate of make-up liquid, 10 ml min21; applied
voltage, 15 kV; temperature, 25 °C; injected volume, 400 nl; mixture
concentration, 100 mg ml21 of each species.
Fig. 4 Effect of the make-up liquid flow rate. All other working conditions
are the same as listed in Fig. 3.
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As shown in Fig. 6, the use of more concentrated NaH2PO4/
Na2HPO4 buffers result in an increase in migration time. Altria
and Simpson observed that mobility is inversely proportional to
the concentration of buffer solution and that a plot of the
logarithm of concentration versus mobility is linear.26,27
Because only three buffer concentrations are investigated in this
work, we did not draw a figure for migration time as a function
of buffer concentration, but Fig. 6 shows that the migration time
of any solute increased with increasing concentration of buffer
solution. The result observed is consistent with other
works.26,27
Effect of sample injection volume on the separation
efficiency
The test samples were injected manually using a hydrodynamic
injection method. The sample vial at the injection end of the CE
capillary was raised to a height of 24 cm above the outlet end of
the capillary in all cases for different times. The inlet end of the
capillary was then placed in the electrolyte reservoir. With
hydrodynamic injection, the quantity of sample loaded is nearly
independent of the sample matrix. The injection volume, V, can
be expressed as:28
V = rgDhpd4tinj/128 hL
where r is the density of sample, g is the gravity constant, Dh
is the height of the reservoir relative to the outlet end of the
capillary, d is the diameter of the capillary, tinj is the injection
time, h is the sample viscosity and L is the capillary length.
The effect of sample injection volume on the separation
efficiency was studied and the results obtained are summarized
in Fig. 7. Using the above equation, 100, 200, 400, 600 and 800
nl are calculated corresponding to the injection times of 15, 30,
60, 90 and 120 s, respectively. By increasing the injection
volume, a loss of resolution was observed. At an injection time
of 120 s, AsIII/DMA and MMA/AsV cannot be baseline
separated. Thus, the sample volume cannot be increased
indefinitely without loss of separation power. An injection time
of 60 s was selected in all cases for this study.
Reproducibility
Reproducibility is an important parameter in carrying out a
quantitative analysis. The reproducibilities of peak area and
peak height were evaluated by considering five successive
experimental tests. The results are summarized in Table 2. It can
be seen from Table 2 that the relative standard deviations vary
from 1.2 to 11.7% and from 1.0 to 5.5% for peak areas and peak
heights, respectively. As can be seen from Table 2, the RSD of
AsIII is the worst. Because the pKa of AsIII was 9.3, it was
undissociated when the pH of buffer solution was controlled at
6.5. It could not, therefore, be separated completely from the
peak due to electroosmosis (Figs. 3–5), which would result in
large errors in the integration of peak areas of AsIII.
Calibration function and detection limits
The results of peak areas and peak heights for four arsenic
species are summarized in Table 3. The efficiencies of hydride
generation are considered to be similar when the peak areas are
used for the measurement. The speed of arsenic hydride
generation appears to be different from the differences of the
peak heights. In this work, the peak area was used to carry out
a quantitative calculation.
It was found that all arsenic species, except DMA, gave
similar peak areas (see Fig. 3). Thus, two different calibration
curves were used for quantitative analysis: one for DMA (y =
32.186x, R2 = 0.9997), the other for AsIII, AsV and MMA (y =
30.052x, R2 = 0.9996). Detection limits based on peak area
measurements were 0.32 mg ml21 for AsIII, MMA and AsV and
0.35 mg ml21 for DMA based on three times the standard
deviation of the blank measurement. The absolute detection
limits were 128 pg for AsIII, MMA and AsV, and 140 pg for
DMA. 
Fig. 5 Effect of buffer pH on the separation of four arsenic species. All
other working conditions are the same as listed in Fig. 3.
Fig. 6 Effect of buffer concentration on the separation of four arsenic
species. All other working conditions are the same as listed in Fig. 3.
Fig. 7 Effect of injection volume on the separation of four arsenic species.
All other working conditions are the same as listed in Fig. 3.
Table 2 RSD(%) of four arsenic species (n = 5)
Arsenic species AsIII DMA MMA AsV
Peak area 11.66 2.20 1.91 2.27
Peak height 5.50 1.52 1.01 1.23
Table 3 Relative responses of four different arsenic species (AsIII = 100)
Arsenic species AsIII DMA MMA AsV
Peak area 100 88 113 106
Peak height 100 90 103 101
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Conclusion
The initial results suggest that the MRBHG system developed
may be successfully applied to the hyphenation of CZE with
ICP-AES. Arsenic species eluted from the CZE capillary can
react with reduction reagents efficiently, and the arsenic
hydrides generated are then detected by ICP-AES. The
detection limits for AsIII, MMA and AsV are 0.32 mg ml21, and
0.35 mg ml21 for DMA, using a 400 nl sample injection.
Although the detection limits are a factor of 10 times less than
those obtained with continuous sample introduction at a sample
consumption rate of 1.0 ml min21, the initial results reported
here are very promising for coupling CE to ICP-MS in order to
improve the detection limits. A number of questions remain to
be addressed. The study of other hydride forming elements and
species, like selenium, is also in hand.
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